Watermelon (Citrullus lanatus) is one of the most economically important vegetable cucurbits. However, the genetic and taxonomic statuses of its closely related species remain scantly documented, limiting their full use for agronomic purposes. The genetic diversity and structure of 74 accessions covering 47 dessert type (C. lanatus subsp. vulgaris), 21 oilseed type (C. mucosospermus), and 6 citron melon (C. lanatus subsp. lanatus var citroides) collected from 36 countries throughout 4 continents, were analyzed using 18 polymorphic SSR markers. The mean values of proportion of polymorphic loci (P = 29.73), number of alleles per locus (A = 1.243), effective number of alleles per locus (Ae = 1.153) Shannon index (I = 0.191), observed and expected heterozygosities (Ho = 0.124; He = 0.149) confirmed the narrow genetic basis of C. lanatus. According to molecular variance analysis the most important component of the genetic variation was obtained among accessions (70%). On the contrary, lower genetic variation was noted among species (16%), countries (37%), and continents (14%). It is suggested that the cultivated forms of Citrullus spp. originated from or successive selection cycles aimed at few and/or common traits, in few ancestral populations. Clustering based on both Bayesian approach and an unweighted pair group method with arithmetic mean pointed out three groups of accessions corresponding to use types and collecting countries. Based on these results, future collecting missions could be focused mainly on representative ecological sites in Citrullus spp. distribution areas, and increasing the number of accessions and seeds per accession.
Introduction
Watermelon [Citrullus lanatus (Thunb.) Matsum. and Nakai] belonging to Cucurbitaceae is one of the most economically important cultivated crop from this family. In 2012, the world acreage of watermelon was 3.47 million ha, representing 6.06% of the 57.27 million ha devoted to vegetable; its production is estimated to 105.4 million tons (FAOSTAT, 2016) , representing 9.53% of the world vegetable production (1.1 billion tons).
In Africa, with 247,086 ha and 5.95 million tons, watermelon accounted for 3.46% and 8.02% of acreage and tonnage devoted to vegetable in 2012, respectively. In SubSaharan Africa, dried seed of the oleaginous form can be sold at urban markets up to 2-3 €/kg which is 1.5-2 times higher than the price of cocoa and coffee beans (Zoro Bi et al., 2005) . The crop is characterized by a tremendous diversity in fruit and seed shape, color, and size (Achigan-Dako et al., 2015; Gbotto et al., 2016) . Studies refining the taxonomic status are in progress (Achigan-Dako et al., 2015; Chomicki and Renner, 2015) , but from a practical point of view, two types of Citrullus spp. are distinguished on the basis of its use. The most widely cultivated type, actually recognized as C. lanatus subsp. vulgaris, mainly consumed as dessert, produces fruit with sweet and red colored flesh containing hard unoiled seeds. The second type bears fruit with white, cream or yellow colored flesh containing tender and oleaginous seeds. Roasted and crushed kernels of this type are widely used to prepare cakes or as condiment to enhance taste and thickness of sauces. This type is recognized as C. mucosospermus (Achigan-Dako et al., 2015) .
Nowadays, indigenous cultivated species of Citrullus are receiving growing interest from governments, plant genetic resources institutions and researchers (Nantoumé et al., 2013) . This is due to its numerous agronomic attributes, particularly its adaptability to contrasted ecological zones (both temperate and tropical regions) and various cropping systems requiring minimal input (Jensen et al., 2011) . In addition to these agronomic advantages, the crop is rich in proteins (36% DM) and lipids (45% DM) (Loukou et al., 2007) . Citrullus species are therefore interesting plant models for the implementation of breeding program and cropping systems in the context of climate change (Mc Gregor et al., 2014) . However, contrary to the dessert type of C. lanatus involved in numerous extensive research programs aimed at breeding for pest-tolerant and high yielding varieties (Gusmini and Wehner, 2008) and crop husbandry optimization (Nerson, 2002) , investigations devoted to breeding the oleaginous type for yield and local adaptation are scarce (Hashizume et al., 2003) . Such investigations start by assembling a representative germplasm collection of the crop with a comprehensive documentation (Nass et al., 2012) . Several studies aimed at collecting and genetically characterizing the oleaginous watermelon have been carried out and interesting results have been reported on the genetic richness, differentiation, and phylogenetic relationships (Djè et al., 2006 (Djè et al., , 2010 Gbotto et al., 2015; Nantoumé et al., 2013) . However studies using reliable sample size to compare the genetic diversity in Citrullus spp. at macro geographical scale (e.g. country and continent levels) are scant (Nimmakayala et al., 2010) . Results from such investigations are useful to implement reliable genetic resources collection and conservation strategy, including the plant material and collecting zones selection, as well as to define programs for genetic resources exchange and regeneration (Upadhyaya and Ortiz, 2001) . Results should also help in defining appropriate sampling strategies for the sustainable conservation of C. lanatus genetic resources. The present study was undertaken to evaluate and compare the SSR-based genetic diversity in C. lanatus in several collecting zones (countries and continents).
Results

Genetic diversity and mating pattern
The number of loci detected among the 74 accessions using the 19 SSR primers ranged from 3 for MCPI-07 to 15 for MCPI-13 (Table 1) . The polymorphic information content values of the 19 primers ranged from 0.249 for TJ-10 to 0.788 for MCPI-28 with an average of 0.586. Among the 19 SSR primers used for DNA amplification, 132 different alleles were identified, only one primer being monomorphic (MCPI-14 -01). The SSR primer MCPI-28 showed the highest number of accessions (25) in which null alleles were observed (Table 1) . Only two markers (MCPI-07 and MCPI-14) did not show any null allele among the 74 accessions studied. Null alleles were detected in 10 accessions per SSR marker on average.
The proportion of polymorphic loci per accession (P) varied from 5.26 to 73.68% with a mean of 29.73  2.17% (Table 2) . Only 12 accessions (16.21%) showed P values higher than 50%. The mean number of alleles per locus (A) varied from 0.789 (PI 482283 and PI 596671) to 1.789 (PI 176487 and PI 246559) with an average mean of 1.243  0.018, indicating a low allelic richness. The effective number of alleles varied from 0.768 (PI 596671) to 1.556 (PI 270563) with an average of 1.153  0.015. The mean accession diversity using the Shannon information index (I) was 0.191  0.008, with PI 506439 the most diverse accession (I = 0.470) and PI 596671 the least diverse (I = 0.030).
A low genetic diversity was also observed. Indeed, the average observed heterozygosity (Ho) was 0.124, ranging from 0.026 (PI 596671) to 0.298 (PI 482343); and the average unbiased expected heterozygosity (He) was 0.149  0.006, ranging from 0.026 (PI 596671) to 0.367 (PI 176487).
The average fixation index of population (F) was 0.058  0.020. According to the HWE test this mean value was significantly different from zero (p-value for all loci and all accessions < 0.01). The Student t test revealed no significant difference between observed and expected heterozygosities (t = 1.880; P = 0.062): the observed genotype frequencies for each locus in each accession were consistent with expectation values. However, HWE tests revealed that only 3 (16.67%) of the 18 polymorphic loci were in equilibrium (P > 0.05); 15 polymorphic loci departed significantly from HWE, indicating a reproductive pattern of non-random mating.
Genetic structure among and within accessions, countries and continents AMOVA (Table 3) revealed that the accessions were structured and highly differentiated (F ST = 0.705; P = 0.010). The largest proportion of genetic variation (70%) was found among accessions, and only 30% within accessions. Genetic differentiation analyses among species, countries, and continents showed opposed trends. Thus, lower genetic diversity was observed among species (16%), compared to higher diversity within species (84%). Similarly, variation among countries (27%) was lower than variation within countries (73%). Indeed, the genetic differentiation at country level was significant (F ST = 0.269; P = 0.010). Similar trend was observed at continent level: 14% and 86% of genetic variation among and within continent levels, respectively, with significant genetic differentiation (F ST = 0.135; P = 0.010).
Genetic relationships among accessions
The Bayesian structure clustering analysis was carried out for K = 1-10. The ΔK values based on the method of Evanno et al. (2005) were plotted against the K numbers of the subgroups. The maximum ΔK was obtained at K = 3. This value, considered as the best from which the genetic structure could be depicted among the 74 accessions, suggested the occurrence of three genetic groups (Fig 1) . The first group (blue color) contained of accessions of citron type and one of dessert type (PI 225557). The second group (green color) mainly contained accessions of dessert type. The third group (red color) contained the oilseed type. The UPGMA-based dendrogram topology (Fig 2) supported mainly the clustering into three major genetic groups, in relation with the geographic origins and varietal distinction.
According to these results the markers SSR reveal mainly higher genetic diversity among the accessions, with low value for allelic richness but high gene flow between accessions. We recommend collecting accessions from as many distinctive ecological sites as possible. However the largest proportion of diversity among accessions at continental and country level suggests to use an increasing the number of seeds per accessions to capture a maximum of diversity.
Discussion
Polymorphism information content (PIC) is considered as the most reliable statistics indicating molecular marker discrimination power (Kesari et al., 2010) . The three SSR markers that showed the highest PIC values in the present (Slatkin, 1985) . f Estimated using the maximum likelihood estimator based on the EM algorithm (Dempster et al., 1977) . study (MCPI-13, MCPI-33, and C.1.1-20) have also been identified as the most variable in previous studies (Joobeur et al., 2006; Nantoumé et al., 2013; Gbotto et al., 2015) . However, the PIC values obtained in the present study were higher than those reported by these authors. Such a difference could be explained by the difference in the origin and size of the samples. However, Mujaju et al. (2011) reported a higher PIC mean value (0.92) in a study using 10 SSR markers to analyze 25 accessions of C. lanatus collected from 5 Southern African countries (Botswana, Namibia, South Africa, Zambia, and Zimbabwe). This difference could be attributed to the origin of plant material sampled, as accessions analyzed by Mujaju et al. (2011) were obtained from farmers located in the center of origin of C. lanatus, whereas those used in the present study were collected from countries mainly located outside of this area. In addition, they were obtained from genebanks where they have certainly undergone several cycles of regeneration. Depletion of genetic diversity throughout successive regenerations of accessions has been demonstrated elsewhere (Cieslarová et al., 2011) . Genetic diversity indices (Ho and He) and fixation index (F) estimated in this study were close to those reported from several previous studies based on SSR markers (Nantoumé et al., 2013; Gbotto et al., 2015) and were generally low. These results suggested that although SSR markers appeared to be suitable for investigation on genetic diversity in Citrullus genus, they did not reflect its tremendous morphological variability, namely the plant architecture as well as fruit and seed shape, size, and color (Achigan-Dako et al., 2015; Gbotto et al., 2016) . This is probably due to the complex and multigenic inheritance of these traits in C. lanatus (Guner and Wehner, 2004) . Discrepancy between the trend of variation revealed by morphological and molecular markers has been observed in several cultivated crops such as melon (Zhang et al., 2012) , and zucchini (Ferriol et al., 2003) .
No significant difference between observed and expected heterozygosities was noted, indicating that the observed genotype frequencies for each locus in each accession were consistent with expectations. However, HWE tests revealed that the majority of polymorphic loci (15 out of 18) were in disequilibrium (P < 0.05), indicating a reproductive pattern of non-random mating. The departure of genotypic frequencies from HWE could be attributed to founder effects, a higher selfing rate, assortative mating (homogamy), or selection favoring homozygote individuals. However, the predominantly outcrossing mating system of C. lanatus does not fit with homogamy and homozygotes selection hypotheses. Indeed, C. lanatus that is a monoecious or andromonoecious species is bound to experiment insectmediated crosspollination, which promotes random mating, buffering homogamy and homozygotes selection. Two main causes could explain the HWE departure of genotypic frequencies observed in this study. The first cause is the founder effect (bottleneck), due to farmers' seed selection approaches coupled with sampling strategy for germplasm regeneration, resulting in unbalanced gene frequencies. Indeed, usually rural farmers take their seeds (generally small in number) from the previous harvest, or obtained them from neighboring farmers or local markets, resulting in genetic variability depletion. The second cause is the relative high prevalence of null alleles observed in the accessions analyzed. Null alleles affects generally the estimation of population genetic indices (Chapuis and Estoup, 2007) , leading to an underestimation of observed heterozygosity and overestimation of population differentiation due to gene diversity reduction (Chapuis and Estoup, 2007) . Based on a simulation study, Dakin and Avise (2004) showed that null alleles can introduce substantial errors into empirical assessments of specific mating events by leading to high frequencies of false parentage exclusions.
Results from genetic structure based on AMOVA showed that C. lanatus maintained 70% of the genetic variability among accessions and only 30% within accessions. Nantoumé et al. (2013) have reported similar trend in accessions of C. lanatus subsp. vulgaris and C. lanatus subsp. mucosospermus. AMOVA performed by these authors revealed a significant differentiation among accessions (51% of the total molecular variation). As demonstrated in the previous paragraph, the trend observed in the present study should be attributed to farmer's seed management strategy or the germplasm regeneration approaches generally adopted by genebank curators. In addition, during germplasm regeneration, accessions are spatially or temporally isolated to avoid undesirable pollination, consequently increasing genetic differentiation among them (Suso et al., 2008) .
Our results in C. lanatus show high intra-varietal variability (84%) compared to inter-varietal (16% of total variation), indicating high genetic similarity between the three forms of watermelon studied. Using four species of Citrullus genus, Jarret and Newman (2000) reported similar result from the analysis of internal transcribed spacer (ITS) sequences data. Indeed, the cladistics (PAUP) analysis performed by these authors showed no significant differentiation between the dessert and the oilseed forms. Furthermore, Nantoumé et al. (2013) reported low inter-varietal genetic differentiation in watermelon landrace types from Mali. Natural pollination between varieties or cultivars (Ferreira et al., 2000) and hybrid vigor (Bansal et al., 2002; Singh et al., 2009 ) largely observed in Citrullus genus supported such results.
AMOVA also revealed that the geographical origin of the accessions explained a relatively low percent of molecular variation: only 27% and 14% of variation at country and continent levels, respectively. Such a trend could be explained by three genetic events: high level of macrogeographical gene flow, few independent migrations from the center of origin, and selection based on few and/or common agronomic traits. Country cross-border transportation of crop seeds for trade and/or agronomy purposes is a common practice, particularly in Africa (Asfaw et al., 2009; Mokuwa et al., 2014) . This phenomenon has been reported from recent studies investigating the genetic structure of C. lanatus collected in several African countries (Nantoumé et al., 2013; Gbotto et al., 2016) . The presence of few private alleles (1.63  1.12 per SSR marker), coupled with a relatively high prevalence of common alleles (7-73 alleles were common in 25% of accessions analyzed) supported the first hypothesis. Concerning the second hypothesis, it is worth noting that the domestication of watermelon outside its center of origin is well documented (Jarret and Newman, 2000) . After migration, selection pressure in C. lanatus was based on few and/or common desirable traits, leading to low geographical genetic differentiation. Indeed, breeding C.lanatus for high yielding was generally devoted to non-exhaustive farmer-and consumers-preferred traits, such as pest tolerance and desirable fruit, flesh, and seed characteristics, according to use purposes (Rhodes and Zhang, 2000) .
The clustering based on both Bayesian approach and UPGMA resulted in grouping accessions into three clusters, corresponding to the use forms (dessert, oilseed, and citron). The branch separating citron form was well supported by the bootstrap values (44-100%). One citron accession (PI 270563) was classified in the oilseed group. Such result indicated that citron and oilseed forms that are generally indigenous landraces, share a large part of the genome, as highlighted by studies conducted by Jarret and Newman (2000) . In fact, it is sometimes difficult to establish phenotypic difference between citron and oilseed types (Nantoumé et al., 2013) , demonstrating that the probability of their misclassification occurs. The clear classification of Citrullus spp. is still under debate (Dane and Liu, 2007; Chomicki and Renner 2015; Paris, 2015) . To our knowledge, simple, clear and reliable morphological traits discriminating indisputably dessert from oilseed forms are scarce in literature (Achigan-Dako et al., 2015) .
Materials and methods
Plant materials
Seventy-four open pollinated accessions of Citrullus spp. originating from 36 countries were used in this study (Table  S1 ). This plant material was composed of 47 dessert type (C. lanatus subsp. vulgaris), 21 oilseed type (C. mucosospermus), and 6 citron melon (C. lanatus suspp. lanatus var citroides), called citron in this study. Sixty-four of these accessions were obtained from United States Department of Agriculture -Agricultural Research Service (USDA-ARS) while ten were provided by Nangui Abrogoua University (UNA, Abidjan, Côte d'Ivoire). The accessions received from the USDA-ARS genebank originated from different countries of Africa, Asia, America, and Europe. Those from UNA included four accessions collected in different regions of Côte d'Ivoire, four from two other West African countries (Benin and Ghana), and two from France (Table S1 ). The seeds were sown to obtain young leaves for molecular analysis. From three to five plantlets per accession were analyzed, with a total of 297.
DNA extraction and PCR amplification
DNA was extracted from young leaf tissue using CTAB method according to the protocol of Murray and Thompson (1980) with few modifications. Dried leaf (0.075 g) tissue was finely ground in 1.5 mL microtubes (Eppendorf) in liquid nitrogen and resuspended in 700 μL CTAB extraction buffer [0.1 M Tris-Base, 1.4 M NaCl, 2.5% cetyltrimethylammonium bromide (CTAB), 20 mM EDTAdissodium, 0.2% sodium dodecyl sulfate (SDS), 0.5% Sarkosyl, 250 mg polyvinylpyrrolidone and 250 mg polyvinylpyrrolidone (PVP)]. Each tube was mixed by gentle agitation and then incubated for 30 min at 65˚C. The supernatant was taken and 350 μL of isopropanol were added to precipitate the DNA. The DNA pellet was washed in absolute ethanol and dried. Then the pellet was resuspended in TE to a final concentration of 100 ng μL −1 containing 10 g mL −1 RNAse. The DNA solution was stored at −20˚C until use. DNA concentration was measured by a NanoDrop ND-1000 spectrophotometer (NanoDrop Tech., Wilmington, Delaware, USA).
Nineteen microsatellite primer pairs were selected and combined in three multiplex. Forward primers were fluorescently labeled with 6-FAM, HEX or TAMRA. The PCR was performed in a 5μL solution containing 0.5μL of primers (2µM), 1 μL of demineralized water, 1μL diluted DNA to 20 ng μL -1 and 2.5 μL of QIAGEN Multiplex PCR Master Mix.
The reactions were realized with a thermal cycler Mastercycler pro S (Eppendorf AG, Hamburg, Germany). The first step (15 min at 95°C) allowed the activation of the Taq polymerase and alter DNA long fragment. The second step was constituted of 30 cycles, each including a denaturation step (30 s at 94 °C), followed by primer hybridization (90 s at 58 °C) and elongation (60 s at 72 °C). In the last step (30 min at 72 °C) adenine (A) was added to obtain accurate data from high-resolution analysis using DNA capillary sequencers (Qiagen Multiplex PCR Handbook, 10/2010). At the end, thermal cycler temperature was reduced to 4°C in order to maintain the reaction products intact.
PCR products were separated and analyzed using capillary gel electrophoresis. Chromatograms were analyzed using Peak Scanner software V1.0 (Applied Biosystems, Foster City, CA, USA).
Data analysis
Genetic diversity analysis
To evaluate the informativeness of each marker, polymorphic information content (PIC) of each SSR locus was calculated, based on the alleles frequencies, using the formula PIC = 1-∑ p i 2 , in which p i is the frequency of the i th allele of the locus considered.
The program GenAlEx v. 6.4 (Peakall and Smouse, 2012 ) was used to calculate the percentage of polymorphic loci (P), the number of alleles per polymorphic locus (A), the effective number of alleles per polymorphic loci (Ae), the Shannon's information index (I), the observed heterozygosity (Ho), the unbiased expected heterozygosity (He) calculated following Nei (1978) , and the Wright's (1965) fixation index (F) following Weir and Cockerham (1984) . Null allele frequency estimation based on the maximum likelihood algorithm proposed by Dempster et al. (1977) and implemented in Genepop software (Rousset, 2008) was used to calculate the frequencies of null alleles within each accession.
The occurrence of evolutionary forces acting on individuals and accessions was examined for each locus through HardyWeinberg equilibrium (HWE) tests performed by the Genepop software. In addition, observed and expected heterozygosities were compared according to Student t test. This statistic test was performed after checking normal distribution and variances equality assumptions (Dagnelie, 2011) using the R statistical package (R Development Core Team, 2011).
Genetic structure analysis
The degree of genetic differentiation within and among the accessions, forms, countries, and continents was determined by analysis of molecular variance (AMOVA), based on the estimates of F ST (Excoffier and Smouse, 1994 ). Then, the hierarchical level upon which genetic variation could be attributed was investigated. Only the ten countries in which at least three accessions were sampled were included in country-based AMOVA. Significance of AMOVA was tested using permutation test (Excoffier et al., 1992) with 999 permutations.
Genetic relationships among accession
The most likely number of populations and the assignment of each accession to populations were determined following a model based on clustering algorithm implemented in the Structure software (Pritchard et al., 2000) . This algorithm also examines heterogeneity within accession. From 1 to 10 putative populations (K1-K10) were tested with 50,000 burnin iterations and 1,000,000 iterations after burn-in or Markov Chain Monte Carlo simulation, using the admixture model. The best value of K was evaluated following Evanno et al. (2005) .
An unweighted pair group method with arithmetic mean (UPGMA) tree based on the Nei's genetic distance (Nei, 1978) matrix was constructed in Phylip package version 3.69 (Felsenstein, 1995) . The relationships among and within accessions considered at both and countries levels were described using cluster analysis. First, 1000 bootstraps were performed on Seqboot program to generate confidence in the dataset. Then, Gendist program was used to compute genetic distance from gene frequencies (Nei, 1978) . The cluster analysis tree was produced with the Neighbor program which uses a matrix of pairwise distances between all pairs of accessions and Consensus program. Confidence in tree topology was assessed by 1000 bootstrapping over SSR markers and the phylogenetic tree was visualized in Treeview (Page, 1996) .
Conclusion
Results of the present study and those from previous ones confirmed the reliability of SSRs as genetic markers for effective genetic diversity and structure analysis in C. lanatus. A higher proportion of genetic diversity was found among than within accessions. This trend was inverted when partitioning were based on species and collecting zones, where higher proportions of genetic diversity were found within than among species, countries and continents. Consequently, we recommend focusing collecting missions on representative ecological sites in the distribution area of C. lanatus. However, as the largest proportion of diversity was attributable to the within component at both species and geographical (country and continent) levels, increasing the number of accessions in each collecting site, with high number of seeds per accession can capture a maximum of diversity. The study also has potential implications for oilseed type breeding that actually is at the starting point. Indeed, given the genetic proximity of dessert type to oilseed type, crosses between them to explore hybrid vigor appear as an interesting perspective. In each of the main clusters, although not supported by significant bootstrap values, accessions were grouped according to their origins, indicating that diversity in C. lanatus is potentially structured in space. The use of next generation molecular markers (e.g. SNP, GBS, etc.) should also clarify the understanding of the genetic structure of watermelon. In particular, it can help in understanding the remarkable morphological diversity characterizing C. lanatus genetic resources especially in terms of fruit and seed agronomic traits.
